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A First Level Tracking Trigger for the Upgraded DI Detector

F. Borcherding', S. GriilnendaH| M. Johnsoh M. Martin', J. Olsehand K. Yig
'Fermilab, P.O. Box 500, Batavia, Illinois 60510

Abstract

A fast tracking trigger system based on a new scintillating
fiber tracker is being built for the upgraded DO detector for
the Collider Run Il at Fermilab. This fiber tracker trigger
provides afirst level hardware trigger, supplies track seeds for
the first level muon trigger and for the second level trigger.
The physics reguirements and the corresponding algorithms
for the hardware trigger will be described. Particularly, PLD
(Programmable Logical Device) chips are used to implement
our trigger algorithms to achieve pattern recognition from
scintillating fiber hits and to format that information for
delivery to other trigger systems. Detector trigger efficiency
studies will also be presented.

I. INTRODUCTION

For the Collider Run Il at Fermilab, the upgraded DO
detector will have a new tracking system using scintillating
fibers, called the Central Fiber Tracker (CFT). The CFT isan
essential part of our Level 1 and Level 2 trigger systems and
many other triggers depend on it. [1]

There are three levels of trigger hierarchy in DO. Level 1
(L1) consists of custom hardware based triggers which search
for patterns consistent with muons, electrons and jets. Level 2
(L2) uses DEC Alpha processors and DSP’s (Digital Signal
Processors) to combine L1 objects and additional

buffering is employed so that the L1 trigger system has less
than 5% deadtime.

II. CFT FRONTEND BOARD

A. CFT Front End Board Overview

A hardware implementation of the Level 1 CFT trigger
system has been developed. Most of the functionality and
components are situated directly on the detector, in the Front
End (FE) Boards. The CFT is divided equally into 80 sectors
or wedges in thegrplane, one sector (subtending}.per FE
board. There are 480 fibers on the axial layers in each sector
of the CFT.

The FE boards are mounted on the VLPC (Visible Light
Photon Counter) cassettes which are in turn inserted into the
top of two VLPC cryostats. VLPC's are used to convert the
light produced in the scintillating fibers of the CFT due to the
passage of charged tracks. [2] The principal functions of the
FE board are VLPC signal processing, producing a fast trigger
signal, finding the track and reporting the trigger information.
Each FE board has 8 Multiple-chip-modules (MCM’s), each
of which contains one SVX (Silicon Vertex) chip and four
SIFT (Scl ntillating Fiber Tracking) chips. [3]

The expected average signal level from the VLPC is about
BHO00 electrons per photoelectron and the longest charge

information into muons, electrons and jets. Level 3 (L3) iscallection time is about 70ns. The number of photoelectrons
computer farm which uses offline algorithms for particlan a single fiber for a single track is between 10 and 40. The
identification. The maximum trigger rates for events passifiger signals from the VLPC's need to be digitized and
L1, L2 and L3 are about 10kHz, 1kHz and 10 Hz respectivelgdiscriminated. The ADC is the SVX lle chip which was

The CFT consists of 32 concentric barrel-shaped layers®@inally developed for the silicon detector. However, in
scintillating fibers that are arranged in 16 “doublet” layerQrder to meet the timing and charge integration requirements,
Half of the doublet layers have fibers parallel to the z-axid€ custom chip (called SIFT) has been designed as a front end
(called axial layers) and the other half are at an angle (stef2d1® SYX chip with a charge acquisition time of 70 ns and a
layers). Only the 8 axial doublet layers are used in the CEFectable discriminator range and gain. The output of the
trigger. The fiber diameter is 836n. The radii of the CFT discriminator stage is latched to an output driver and remains
Iayers.range from about 20 cm to‘ 52 cm and it offers ftﬁ]ph for about 100 ns. The signal is TTL, which is suitable for

coverage down to about 2 polar angle. A 2 Tesla solenoid fiving the trigger logic we use. o
magnet around the CFT provides the field which bends the At the lowest P threshold envisioned (1.5 GeV), all tracks
charged tracks in the radial plane of the CFT. which cross the outermost CFT layer (H layer) of & 4egtor

The goal for the Level 1 CFT trigger is to provide trigge/d'® either complet'ely contained in the sector, or partly in the
for all charged particles with transverse momenta as low as 165107 and partly in an adjacent sector. To form a seamless
GeV at the highest possible efficiency. The beam crossihig9e’ for alltracks Wh'.Ch Intercept the. H layer, hit
rate is about 7.6 MHz and the Level 1 trigger is designed' ormation from the two neighbor sectors are imported.
accept a new event every 132 ns. The L1 trigger system has t&Vhen the logic signal for each of the home sector fibers
accommodate a peak luminosity of 2%Afin’/s such that each exits the MCM, it is latched into a PLD (Programmable
beam crossing may give rise to more than a hundred charfjedical Device). Latching removes the time scatter of the
tracks. Since the L1 muon trigger needs to have CFT tracksigsals due to different polar angles of the tracks, light path
seeds, a list of track information must be passed to the lefbgth differences and other sources. This latching PLD then
muon trigger system within about 800 ns after beam crossidgstributes the signals from the home sector to the track
A global L1 trigger decision needs to reach the triggéinding logic on the home FE board and to the logic on each of
manager within 3.6us after beam crossing.  Sufficienithe two neighbor sectors.



Each FE board has a number of PLD’s responsible for the used in the FE Trigger software, the Monte Carlo simulation
track finding logic. Each PLD receives fiber signals froreoftware, and the online and offline analysis software.
hundreds of fibers in the home sector as well as from its
neighbors. A set of predefined candidate trajectories i@ Track Finding
different P ranges are downloaded into each PLD. Each PLD ) . . .
executes the pattern recognition algorithm to find traclﬁ.-r.he goal O.f the track finder is to e}ch|evg th'e'hlghest
candidates and reports the number of track candidates fog&azlency for finding the real tracks while maintaining the
and the coded position and momentum indices for the first S%3€st possible rejection factor against fake tracks. For the
tracks in each of four.Rhreshold bins. conflguratlo_n of t_h_e CFT,.the greatest rejection is achieved in

the trigger if a hit is required on all of the eight layers of the

PLD’s are used in the CFT trigger logic so that one camcker and the trajectory width at each layer is one fiber pitch
quite flexibly program (or reprogram) the trigger logic in thesgide, about Imm. Wider roads result in too many extra fake

devices when they are in place on the detector. Standgs@ks. Narrower roads may lose real tracks due to multiple
VHDL (VHSIC Hardware Description Language) code is usegtattering and other radiation effects.

for this task and a trigger test board applying the baseline

tracking algorithm has been fabricated and tested. [4] The baseline design therefore requires a hit in each of the 8

layers and the 8 doublet hits (bins) are then combined to form
— a track. A trigger requiring 8 hits out of 8 layers can be used
B. Doublet Finding because the efficiency for each doublet layer is over 99.5%.
Each of the 8 doublet layers in the CFT is made up of tMtgvertheless, the scintillating fiber efficiency may deteriorate
single layers. One of the layers is staggered by half a filgkiring the experiment run due to aging and radiation damage
spacing relative to the other so that there are no gaps. esipecially if we see high luminosity for much of the run. If it
principle, all tracks pass through a fiber in the inner, the ouf®@comes necessary, we may require only 7 hits out of 8 layers
or both layers. for tracks in the highest.Range. There would be too many
The first part of finding a track is to form bins in eacﬁandidate trajectories to deal with if we also allowed 7 out of 8

doublet layer by combining individual fiber hits in the innefr tracks with lower P.

and outer singlet layers. A doublet bin is a logical Section Il describes in detail how we find the candidate
combination of inner and outer fibers and it is formed in sutfajectories (called equations) and how the tracking logic is
a way that the doublet bins do not overlap and each of thenmiplemented in the PLD’s.

one fiber wide. The doublet bin, DOUBLET][j] is defined

logically as follows: D. PLD Download and Test
DOUBLET][j] ={ NOT(OUTER]j]) AND INNER]j]} 1) Each of the large PLD’s responsible for the tracking logic
OR OUTER][j +1], requires more than a hundred kilobits of information for its

programming, which would be lost on any power interruption.
where OUTERIK] and INNER[K] correspond to the outer an§ download system is located on each FE board consisting of
inner singlet fiber indices respectively. Figure 1 illustrates th@n-volatile memory (an AMD Flash RAM), which stores a
above definition. copy of the programs for all PLD chips on the board, and a
download controller that is a non-volatile PLDUpon power
up or reset, the download controller resets itself and then
downloads all the PLD’s from the non-volatile memory.

A | =0 | | i={[16+4(L-1)]x80-1} | _ )
During the design, we rely on vendosoftware to
Q Q Q simulate our trigger logic with the types of the PLD’s that we
intend to use. We have also set up a trigger test board which
B has the necessary PLD’s installed to test the trigger algorithm.
Q C) C Both software simulation and hardware test indicate that the

tracking logic can be accomplished well within 132 ns which
is the timing constraint that we have. Perhaps more
0=0 importantly, the trigger timing quoted in the simulation agrees
well with the timing measurements made with the trigger test
< » | Doublet=0 board. Our setup time requirement for latching in the fiber
inputs in the PLD’s is about 13 ns and this is also met. In
Figure 1 Thisview shows the numbering system for the singlet fibers addition the outputs from the tracking logic also agree with
and the doublet bins. Note that the inner singlet fiber =0 is centered WAt We expect.
at @=0, but the outer j=0 fiber is at -¢. Note also that doublet bin 0
starts at a-@value. “L” stands for the Lth doublet layer in the CFT.

I?@

1 This kind of non-volatile PLD (usually referred to as CPLD)

The “OR” combines the inner and outer layers. T%esnot have enough logic resources for the intensive tracking logic.

“AND” with the “NOT” makes the bins non-overlapping.

Exactly the above equation and the meaning of the indicesxi?_ Two main vendors have been considered, namely, “Altera” and
“Xilinx”.



[11. TRACKING ALGORITHM

Since several other trigger components in the experiment
depend on the L1 CFT trigger, we have done a detailed study
of the tracking algorithm to make sure that the L1 CFT trigger
track output meets all the physics requirements. Monte Carlo
simulations of the upgraded DO detector have been used to
investigate the outcome of different methods. As far as the
CFT FE board is concerned, the Monte Carlo simulation
shows that we can limit ourselves to allowing only 2 tracks per
doublet bin in the anchor layer (H layer) and only 6 tracks in
each of the 4 P, thresholds (i.e. 24 tracks) in each sector
virtually without losing any track efficiency. This has been
incorporated in the tracking algorithm as described below.

A. Equation Generation

Before we can calibrate the CFT with the real tracking data
after the experiment starts to run, we have to use our best
guess to find a set of equations for the trigger logic. The basic
algorithm to generate the eguations analyticaly is given as
follows. A special particle tracing Monte Carlo simulation has
also been used to cross check the results. For convenience,
from now on, we consider doublet bins as doublet fibers. Two
doublet layers are used as starting reference fibers, the
innermost layer and the anchor layer as shown in Figure 2.
Though we use the outermost layer as the anchor layer, for the
purpose of generality any layer (except the innermost one) can
be the anchor layer in the following explanation.

The basic equation for a charged particle moving
transverse to amagnetic fieldis

kr
— e 2
®=¢-o 2

where @, is the tangent angle of the track at the origin ( radius
r=0), @isthetangent angle at radiusr, k isaconstant and P, is
the particle momentum transverse to the magnetic field.
Given two fibers at different radii, there are a minimum and a
maximum P; that can intersect these two fibers (see Figure 2).
These can be found by solving equation (2) for @,and P, given
r, Iy @, @, (2 equations and 2 unknowns).

Using the anchor layer, the edges of each innermost layer
fiber define a minimum P, track and a maximum P, track.
This assumes that al tracks pass through the origin. Using the
trajectories of these two tracks, we can find all the fibersin the
layers in between that lie within this P,. That is, given P, @,
and r, we solve for the minimum and maximum @ at each layer
and then select all the fibers that are in this @ range. Next, we
choose one fiber from each layer from this list of fibers. The
minimum and maximum P, of this set of 8 fibers will be
determined by two of these fibers but we do not know which
two. So, we compute the minimum and maximum P, for all
possible pairs of fibers. Thisis 7x8 or 56 pairs for the 8 layers
case since the self term (same fiber) is not possible. Not all of
these P, pairs will pass through all 8 fiber layers. To find the
ones that do, we calculate @, from equation (2) for all 8 layers
for both the minimum and maximum P,. From geometry, we

see that the maximum of the 8 @'s calculated from the
minimum B trajectories must be less than the minimum of the °

8 @'s calculated from the maximum, Rrajectories. The

overlap of these sets af’'s determines the momentum
acceptance of this set of 8 fibers. After computing all 56
terms, we select the overall minimum and maximum value of
P, from the list. If the overlap is not zero, we have an
equation and a.Pange for that equation. After checking all
combinations of fibers from the original list in this manner, we
have the complete set of equations involving the given
innermost and anchor fibers. This operation is repeated for all
fibers in the anchor layer in a sector of the CFT.
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Figure 2. Track equation search region set by the boundary lines
(lead-trail and trail-lead) defined by the edges of the reference fiber
pairs on the innermost and anchor layers. The boundary lines are also
the track with the maximum and minimum P, that would intersect
both the innermost and anchor fibers. The shaded fibers are those
which are involved in the equation search.

The total number of analytically generated equations that
require 8 out of 8 possible doublet layer hits is about 16000.
After the experiment starts to run, we will be able to survey
the CFT to obtain a physical set of track equations. Although
we have assumed all tracks pass through the origin, the
tracking efficiency for particles originated from points within
1 mm from the origin is still very good.

B. Track Pattern Recognition

The realization of these roads in the PLD’s is conceptually
very simple. The eight doublet layers of CFT are named as A,
B, ... H, from the innermost to the outermost. If a given



equation intersects A layer fiber bin ‘a’, B layer fiber bin ‘b’, for that particular set. In this way, each set of PLD’s can
and so forth out to H layer fiber bin ‘h’, then the equation caitcommodate track equations in the entire range.of IP

be programmed as an 8-fold logical AND in the PLD as:  turns out that the largest number of distinct fibers (or unique
inputs to the PLD) that exist in each set is always less than
200, i.e., the number of input signals required for each PLD

does not exceed 200. The input signals are multiplexed in 4

The list of equations generated by the process describeg il sjices in the FE board and therefore the number of inputs
the last section is actually a table of thousands of rows iQfonIy about 50. This allows us to use a PLD chip with a

doublet fiber bin numbers. The equations in the list are soriggs|| number of inputs such as the moderately priced quad-
or arranged according to certain ftins.  On top of this list, fiat-pack PLD.

we then use a text manipulation program to convert each row

in this table into an equation formatted in VHDL (VHSIC? ol oat

Hardware Description Language), in order to be able 1@ Seriglization of the Found Tracks

These equations are of the following The track pattern recognition stage (in the above section)
outputs a matrix of 28 16 pins in each set of the PLD’s. The
array must be searched in decreasingréler looking for any
pins that are TRUE. As each TRUE pin is found, ¢ghigin
address and ,Pbin address for that pin are loaded into a
register. This is basically a serial problem that must be solved
in parallel hardware. |If it were done serially the process
where the indices (10, 13, ...,45) are the doublet bin numbenrsould take at least 22 16 = 352 steps. To get a result every

In the next step, the group of equations that share the s&gsSing this processor would have to make 352 steps times
anchor layer (H layer in our baseline design) doublet bin, ‘4%€ 7.6 MHz crossing frequency which requires a clock rate of

in this case and belong to a chosen range ¢@édfed ‘ptl5’ in about_ 3 GHZ; AI_tgr_nativer the problem can be solved by
this example) are then logically OR’ed together: applying PLD’s utilizing a tree structure with many parallel

) branches in a very short time. However, this method requires
Trig_pt15h45=T10131722273239450R T...45 OR ... (5) significant resources. Most of the pins or elements in this

Since the equations for a range ofafe arouped together matrix are FALSE since the occupancy of the 352 pins is
: quatl 9€ 0 group 9 'expected to be less than 1%. Thus some shortcuts which are

each of these ;Pgroups is assigned a particular bit. Thggicient in their use of logic resources can and have to be
number of P groups in our baseline design is 16. As a resulbxen in solving the problem.

the output from this stage is a matrix of pins which isp4in
rows (since there are 44 fibers in the H layer of the CFT), ¥
16 B bin columns. Each pin in this matrix will be TRUE (1)B
if a track is found or FALSE (0) if no track is found. (i)

Trig[a,b,...n] = A[a] AND B[b] AND ... H[h]. ©)

program the PLD'’s.
form:
T1013172227323945= A[10] AND B[13] AND C[17]
AND D[22] AND E[27] AND F[32] 4)
AND G[39] AND H[45];

The serialization procedure in each PLD that we use is best
scribed as follows:

Each of the two-dimensional (2% 16) bins is

It should be noted that there is the flexibility to vary the
equation sorting criterion. In the baseline configuration, we
sort the equations by their averageaRd we allow 16 Fbins (i)
(corresponding to 16 Ryroups) though the track equations
intrinsically have much finer resolution. We use 4 sets of
PLD’s to accommodate all the equations (about 16000). Since
tracking algorithm and equation modifications during the
experiment run is anticipated, we have to allow some(iii)
flexibility in using these PLD’s. Each unique fiber requires in
principle one dedicated input (I/O pin in this case) to each
PLD. Once the inputs are fixed, it is very difficult to change
the inputs during the experiment run and this gives severe
restrictions on what track equations may be put in each PLD'’s.

Without loss of generality, we apply the following 2

criteria to divide all the equations into 4 sets: (iv)

(i) 2 sets of Hp bins, namely, [1-22] and [23-44], i.e.,
two halves of a sector;

(i) 2 momentum orientations in the radial plane of the

assigned an index number that codeg ién value (in
H layer) and Pbin value.

Further divide the equations of into a few subgroups
of ¢ bins (such as a group of 5 or 6) andoihs (such

as a group of 4) for parallel processing. Each parallel
process is a “priority encoder” (described below) and
is in serial mode.

For each of thep bins, the 4 Pbins are input into a
priority encorder which outputs the indices of the 2
highest priority P bins that are TRUE(i.e. there are
candidate tracks in those-P, bins). Information
about any other bins that may have been TRUE are
lost but this should happen less than % % of the time.
The subgroups of indices are then regrouped into a
one dimensional list of possibly 44 indiées Each
index is 5 bits (including sign) of.Rnd thosep bins

CFT, positive and negative.

We lose no generality by using the above criteria because” This is because we have to alow 2 tracks per @ bins as
the number of fibers in the H layer is unlikely to chang®entioned a thebeginning of Section I1l.
during the experiment run and there are always two opposite4 Equations in each PLD can have only 22 ¢ bins as we have
signs of momenta. Each set of equations is put into a seyfiped equations such that they have either @ bins [1-22] or [23-44]
PLD’s which have all the fiber inputs needed by the equatianghe H layer.



which do not have candidate tracks would have
indices equal to zeroes.

(v) The lists are concatenated in a binary tree structure
down to alist of 6 and put into an output buffer.

The above steps are done in a mixed parallel/serial mode to
reduce the latency for the process to its minimum as far as the Do
resource alows us. In each PLD, there may have track Do . offsets< 1
equations with arange of P, belonging two physics thresholds. 06L 1: */'

An additional PLD needs to do a matching process from two ' - !
sets of PLD’s to fetch up to 6 tracks for each of the raRges Do | O offsets< 3

as required and store the &dg bits in a single buffer. Any 0.4 : @ | Jf o offsets< 6 i
information about any tracks beyond six is lost at the end of D 0!
the above process. c

0.8 |

Trigger Efficiency

offsets< 2 .

A offsets< 9

T . 02H1: i ' All offsets 1
D. Distribution of Triggers : f

After the tracking logic is completed, the tracking
information is formatted. The number of tracks in 17 0
categories along with the beam crossing number and other
diagnostic information are sent to the L1 trigger framework P, (GeV)
via a fast serial link for a final L1 decision. The information

AT ‘ ‘ ‘ ‘
0 5 10 15 20 25 30 35

for a maximum of 6 tracks with the highesti®sent to the L1 ‘ ‘ ‘ ‘ ‘ ‘
muon trigger via another fast link. Up to 24 tracks ar& 1 - ,*-W
pipelined for later readout to the L2 trigger system. Afteg , 4 & ?
leaving the CFT FE boards, all available CFT tracks akg [ :
selected and combined into 6 global lists of up to 48 tracl% ogl| | |
each. These become the track seeds for the L2 trigger. E’
@ O Threshold: 10 GeV
IV. TRIGGERSIMULATION oo & Threshold: 5 GeV
Monte Carlo simulation studies using thedDupgrade : A Threshold: 3 GeV
configuration have been conducted on various physics 0.4} : .
samples. Single muon and electron samples are used to tune : Threshold: 1.5 GeV
the efficiency of the algorithm code. Single and multiple . é
interaction background samples are used to tune the fake tracko.2 | : .
rejection of the algorithm. The baseline algorithm has an : i
efficiency of more than 97% for the muon sample above 3 i & e
GeV and about 95% efficient for medium &ectrons while 0 i
maintaining good fake rejection. The efficiency is limited by 0 5 10 15 20 25 30 35
multiple scattering which is more significant at lower &d P, (GeV)

by radiation effects. More complicated physics samples such _ o
— Figure 3: Top: CFT trigger efficiency vs momentum P, turn-on

as top quark d_ecayg and-Zbb have also been ysed in t.hQ:urves when the fiber “offset” is used. Bottom: CFT trigger
Monte Carlo simulations to check that the baseline algorithéfiiciency vs Pturn-on curves when the averaged? each equation
is indeed sound for various physics endeavors. is used. The latter is much sharper than the former.

Different methods of sorting and ordering of the track
equations in the PLD’s can affect the tracking efficiency in the In Figure 3, different CFT trigger efficiency curves due to
CFT. Here, we consider two ways of assigninglir® First, different sortings and groupings of equations involved are
we can sort the equations by using the averagasFn our shown versus P,. The efficiencies would never jump abruptly
baseline design. But, we can also use what is called the fiséMm O to 100% due to the finite dimension of each
“offset” which is defined as follows. Imagine a track passingintillating fiber.
through fibers Aand H on the innermost and anchor layers |t is obviousin Figure 3 that the efficiency versus P, turn-
respectively. In the CFT radial plane, the straight lingh (rising from O to almost full efficiency) at about 10 GeV is
(corresponding to an infinite momentum track) drawn from tkgynificantly different depending on whether we use the fiber
center of the detector to the center of thefiber would give offset or the average P, of each equation. Theturn-on curve is
an intersection fiber fon the innermost layer. The “offset” issignificantly sharper in the latter case. This is because the
then (A-A,) in the unit of fibers which is also an indicator ofntrinsic resolution in each equation is better than that of a
P,. A larger offset implies a smallet.P fiber. These plots also illustrate how the fiber offset varies
with the P,. Therefore, using the average P, of the equation is
superior to using the fiber offset in the trigger algorithm.



V. SUMMARY

A fast deadtime-less L1 trigger system has been developed
for the DO Central Fiber Tracker (CFT). The CFT trigger
system consists of Visible Light Photon Counters,
sophisticated digitization and discrimination electronics plus
fast pipelined trigger logic which is based upon the use of
large PLD’s.
simulated and verified using a dedicated trigger test board.

The trigger logic for the PLD’s has been

DO Collaboration, “The D Upgrade: The Detector and
Its Physics”, Fermilab Pub-96/357-E, (1996). Also
available  at http:higgs.physics.|sa.umich.edu/dzero/
d0doc96/d0odoc.html.

B. Abbott, B. Angstadt, F. Borcherding, M. Johnson, M.
Martin, “A Fast, First Level, RO Hardware Trigger for the
DO Central Fiber Tracker using Field Programmable

Gate Arrays”, IEEE Trans. Nucl. Sci., vol. 44, pp.354-
357, 1997.

Monte Carlo simulation has been done along with thig] M. Adams et al. (D Collaboration), “A Detailed Study
hardware design to make sure that the design meets for all of Plastic Scintillating Strips with Axial Wavelength
envisioned physics requirements, and to fine-tune the Shifting Fiber and VLPC Readout’, Nucl. Instrum and

efficiency of the tracking algorithm.
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